[1] We present a new 3-dimensional 1°Â 1°gridded data set for the annual mean seawater oxygen isotope ratio (d 18 O) to use in oceanographic and paleoceanographic applications. It is constructed from a large set of observations made over the last 50 years combined with estimates from regional d
Introduction
[2] The oxygen isotopic ratio of seawater (d 18 O -d refers to the comparison of the sample isotopic ratio of 18 O/ 16 O to a standard) is a fundamental ocean tracer of both modern and past ocean circulation. Since d
18 O values in natural freshwater range widely, they can be used to determine the proportion of freshwater from multiple sources. The oxygen isotopic composition of precipitation is a tracer both of the modern hydrologic cycle (International Atomic Energy Agency (IAEA), 2001), as well as past climate changes (e.g., in ice core and speleothem records). In the modern ocean, d
18 O has been used as a tracer for sea ice melt [e.g., Macdonald et al., 1999] , glacial and river runoff [e.g., Khatiwala et al., 1999] , deep ocean water masses [e.g., Meredith et al., 1999] , and deep water formation processes [e.g., Jacobs et al., 1985] .
[3] Paleoceanographic studies often use d 18 O as a proxy for climate since its variations through time are recorded by calcareous ocean organisms. The isotopic composition and the temperature of seawater during calcification determine the calcite isotopic composition, making calibrations between modern samples and oceanographic data (temperature and seawater d 18 O) vital to the interpretation of this proxy record. World Ocean Atlas 2001 (hereinafter referred to as WOA01) [Conkright et al., 2002] and others provide gridded data sets for the temperature portion of this calibration; however, no such gridded data set has existed for seawater d
18
O.
[4] The sparseness of the observational data has inhibited the construction of a comprehensive global gridded data set of d
O, and so seawater salinity has instead been used to estimate d
18 O [Fairbanks et al., 1992] . The two are frequently linearly related since freshwater fluxes, including evaporation and precipitation closely affect both. However, the variation of d
18 O in the ocean is more complicated than salinity due to additional fractionation in the atmosphere [Craig and Gordon, 1965] [5] Recent improvements in data coverage combined with the need to have gridded data to compare to the distribution of water isotope tracers in global ocean and climate models have made the development of a gridded data set both possible and necessary. By clarifying our understanding of the variability of these isotopes, we hope to improve our understanding of the hydrologic cycle in general.
Methods
[6] Our basic data set for d
18 O comes from the Schmidt et al. [1999] online database (denoted d 18 O obs ) which contains more than 22,000 measurements of d 18 O and salinity collected over 50 years, greatly extending the GEOSECS coverage that is generally taken as the standard reference [Ostlund et al., 1987] . We consider all the data available to be broadly representative of the long term mean since the data set is too sparse to capture consistently seasonal or longer variability except in localized regions.
[7] We exclude points that are not representative of openocean conditions (see the updated online database) and omit estimated or incomplete data, including when the latitude, longitude, or measurements were read off of a graph. Some individual measurements are corrected for obvious typographical errors (such as a sign error) while highly anomalous data are excluded. We apply conversions from previous measurement standards to the current VSMOW (Vienna Standard Mean Ocean Water) standard. Some individual data sets have values for deep ocean water masses that are consistently offset from the analogous GEOSECS values. In these cases, we apply a constant correction for the entire data set ranging from 0.14% to 1.0% and noted the 7 affected data sets online.
[8] We sort the data into 24 distinct regions ( Levitus and Boyer [1994] monthly mixed layer depth (Z m ). We organize the data points into regions instead of taking the 'closest points' approach in order to minimize noise associated with extrapolations from much sparser data at the local level.
[9] Below the surface, regions are defined using water mass characteristics. In the Atlantic, we calculate PO 4 * (corrected phosphate) from the WOA01 [Conkright et al., 2002] oxygen and phosphate climatology and use it as a water mass tracer since deep waters from northern and southern sources have significantly different concentrations [Broecker et al., 1998 ]. We define the North Atlantic Deep Water (NADW) end member as PO 4 * < 1.1 mmol/kg, the Antarctic Bottom Water (AABW) end member as PO 4 * > 1.7 mmol/kg, and assign water between these two end members to a combined region. Water in the Southern Ocean below Z m and above 3000 meters is assigned to its own region (Circumpolar Deep Water). Southern Ocean water deeper than 3000 meters is assigned to the AABW region. In the subsurface North Pacific, intermediate water masses above 2500 meters are locally formed and assigned to their own region. Other intermediate waters in the Indian and Pacific Ocean are also defined separately (NADW/ AABW mixture). Water depths below 2500 meters in these basins are assigned to a separate region.
[10] This distribution of regions is somewhat arbitrary but is driven both by the data coverage and basic descriptive oceanography and is designed to isolate areas where distinct d
18
O-S relationships hold. We assign the available data into each region (taking into account monthly Z m variations) and calculate a local linear least squares d
18 O-S relationship (Table 1) . Some data points between 50 and 1000 meters could not be used due to a lack of information about when the sample was taken (and therefore whether or not it was above Z m ).
[11] Using the WOA01 1°Â 1°grid, we make an initial estimate (denoted d [12] To reduce unrealistic sharp transitions between regions, we use a 3-dimensional smoothing of d (1c)). 
Results

Regional Relationships
[14] Data coverage varies greatly from region to region; therefore, the confidence for the regional relationships also varies. We include the correlation coefficients as well as the root mean-squared (RMS) error between the linear regression predicted d
18 O and GEOSECS data in each region (Table 1) . Correlations are usually good, except in the deep oceans (the Southern Ocean, particularly), but often this is related to a narrow range of salinities, and so does not have a large effect on the final results. Some of the offsets from GEOSECS values are possibly related to seasonal or inter-annual variability, or to uncorrected data quality issues.
[15] The d
18
O -S slope is greatest at mid-latitudes and high northern latitudes and shallowest at low latitudes and the southern ocean [Fairbanks et al., 1992; Schmidt, 1999] . At mid-latitudes, the freshwater end member is typical of local precipitation and the slope is quite high ($0.5%/psu). In the tropics, the majority of water exchanged between the ocean and atmosphere remains in the region, implying a freshwater end member close to the initial evaporate and making the tropical slopes shallower (0.1 to 0.3%/psu) than those in mid-latitudes.
[16] Sea ice (weakly) preferentially incorporates 18 O [Craig and Gordon, 1965; Pfirman et al., 2004] and excludes salt, giving an opposite effect on the d
18 O-S relationship than observed in most other processes. In areas with sea ice formation and melting, d
18 O -S slopes tend to be shallow [Tan and Strain, 1996] . In the surface ocean, the influence of sea ice formation and melting yields water with a large range of salinities (several psu) without a large range of d
18 O. Other areas with sea ice formation such as the Arctic Ocean have slightly higher correlations because of the larger range of salinities and d
18 O, but a similar amount of scatter for salinities above 32 psu. Additionally, areas with seasonal sea ice changes may also have seasonal changes in the d
18 O -S relationship that we have not evaluated. Since these relationships combine data from all seasons from several decades, they should only be applied on shorter time periods with caution.
[17] The deep ocean does not maintain large salinity or d
18 O gradients, so even relatively sparse data coverage provides a reasonable estimate for average d
O, including deep water masses whose sources are influenced by sea ice (such as the deep Southern Ocean).
Gridded Data Set
[18] The gridded data set agrees well with d 18 O obs where there is data (Figures 1a and 1b) . Database values across boundaries between different regions where there is sparse data coverage cannot be well quantified, and highlight the need for more d
18
O measurements. In particular, the frontal illustrates good data coverage in the Arctic and Atlantic Oceans, but very sparse data in areas such as the Pacific and Southern Oceans; (b) the 1°Â 1°gridded data set of surface d
O calculated for this study agrees well in areas where there is good data coverage, and fills in areas with sparse or no data coverage based on both calculated d 18 O -S relationships and WOA01 salinity. [19] Vertically, the boundary between surface waters, intermediate, and deeper waters needs improvement. In the Atlantic, the large range of PO 4 * concentrations provides an estimate for the boundary between the different water masses (Figure 2 ). In the other ocean basins, the data are not sufficient to define properly the range within intermediate waters, and the gridded data set would be improved by further seawater sampling at these intermediate depths. Our manipulation of the data has not significantly altered d
18 O compared to GEOSECS data (Table 1) , and thus may be used in lieu of the GEOSECS data set with reasonable confidence.
Applications
[20] We anticipate that this gridded data set will provide a useful tool in paleoceanography and oceanography. It can provide additional information for water cycle modeling, as well as a comparison data set for isotope-enabled atmospheric and ocean models [Schmidt, 1999] . Paleoceanographic calibration studies can use this data set as a compliment to the Levitus and Boyer [1994] data set to calibrate coral, ostracod, and foraminiferal data sets [e.g., LeGrande et al., 2004; Schmidt and Mulitza, 2002] . Water isotopes and their gradients may prove to be an additional constraint on surface water fluxes (evaporation, precipitation, river input), if good estimates (possibly from models) for the isotopic content of precipitation and evaporation can be obtained.
Example: Quantifying the Source Effect on the Isotopic Composition of Precipitation
[21] The oxygen isotopic composition depends on rainfall amount, surface air temperature, and initial water vapor isotopic composition. The relationship to rainfall and surface air temperature can be diagnosed from contemporaneous station data, but evaluating the influence of the initial source isotopic composition is more complicated.
[22] As an initial application of the gridded d
18
O data, we assess the impact of the initial source oxygen isotopic composition using GISS ModelE, an isotope-enabled atmospheric general circulation model [Schmidt et al., 2006] . We use the gridded data set surface d
O as the surface ocean boundary condition and simulate the isotopic composition of precipitation for 11 years, and compare this result with an 11-year 'control' run that has surface ocean d
O defined as 0%.
[23] The simulated effect of relatively more enriched surface waters in the Atlantic Ocean is isotopically heavier rainfall over the Atlantic basin and surrounding land masses (Figure 3) 18 O improve the model simulation of isotopes in precipitation, reducing the bias from 0.6 to 0.3%, slightly decrease the RMS error, and improve the spatial correlation when compared to observations [IAEA, 2001; Schmidt et al., 2005] .
Conclusions
[24] This first attempt at creating a global gridded data set should be treated as an experimental product. Better techniques, based on more tracer cross-correlations, for instance, might provide a more realistic d
18
O distribution. This study took a purely numerical approach, blending known values outward over a set distance. Future lines of investigation could include data assimilation into ocean circulation models to attempt to improve the representation of gradients and seasonal effects. This technique would likely better preserve sharp gradients of d
O in the ocean, and conceivably allow for better seasonal modulation.
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